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unknown Vol. 99, 2019 contrast between animals and background, or when animals are located in dense vegetation (Longmore 13 et al. 2017 ).
14 Thermal infrared (TIR) sensors offer an advantage over visible spectrum sensors as they detect the 15 light emitted from the animals as a result of their body heat directly. Thus they can be used at night 16 and more effectively through vegetation. Previous studies (Wich and Koh 2018; Chrétien et al. 2015, 17 2016; Witczuk et al. 2018; Kays et al. 2018) have shown that TIR cameras can indeed be used this way, 18 however they found that thermal radiation emitted by inanimate background features can confound and 19 inhibit animal detection.
20
We present the results of a pilot study to determine the effectiveness of TIR-equipped drones as 21 a tool to detect and count Bornean orangutans (Pongo pygmaeus) and proboscis monkeys (Nasalis 22 larvatus) in the wild, and investigate whether these species can be differentiated from each other in 23 TIR data. We discuss the advantages and limitations of this technology as a survey tool to complement 24 other methods. 
Method

26
Prior to fieldwork, we developed an observing strategy and rationale to address potential challenges 27 with background temperature and thermal contrast, and determine the minimum apparent size that an 28 animal must appear in the TIR data in order for it to be effectively detected, and hence the maximum 29 drone height above that animal needed to obtain this. Details of the observing strategy and rationale 30 are provided in Appendix A.
31
Flights were conducted using a Tarot X4 drone with a custom gimbal and a dual thermal-visible 
35
We conducted 28 flights between 10-15 May 2018 with drone heights between 80-120 m above 36 ground level (AGL). Flights were performed at two sites: Sepilok Orangutan Rehabilitation Centre
37
(SORC) and the Kinabatangan Orangutan Conservation Project (KOCP) (E 118
• 17' 00" to 118
• 18' 38 40" -N 5
• 32' 20" to 5
• 33' 30") (Appendix B).
39
To ensure that we could distinguish the primates from their surroundings, we performed flights 40 before 0900 or after 1900 local time (Appendix A). Researchers with several years of experience ex-41 amined the TIR data to visually detect the primates (similar to Kays et al. 2018) . We determined the 42 robustness of these detections statistically based on the temperature of the entire scene, as detailed in
43
Appendix C.1.
44
To confirm that the objects detected in the TIR data were indeed orangutans or proboscis monkeys 45 we performed ground confirmation for all potential sightings. This was achieved in two ways. First, 46 a field team was deployed to observe the orangutans and to follow individuals until they nested. The 47 drone was flown to the nesting locations and the footage then inspected visually. Second, a blind drone 48 survey was conducted over a larger area using a grid pattern with 30% image overlap between transects.
49
Following visual inspection the GPS location of any potential detections were recorded and confirmed 50 the next morning if an orangutan or a fresh nest was found at the recorded locations. Fresh nests were 51 identified as having green leaves and the smell of urine/faeces (Appendix A.3).
52
During our observations at KOCP, we also conducted four flights over proboscis monkeys, which 53 were observed simultaneously from ground level (Appendix B for flight details). 
Results
55
Examples of TIR data for our primate detections can be found in the online supplementary materi-56 als, and are shown as still frames in appendix D. Example of orangutans and proboscis monkeys observed in the TIR data from the ground and drone. The superior capacity to detect primates in TIR imagery compared to RGB imagery is illustrated in the complementary images of the same orangutan shown in frames 1(e) and 1(f).
In total, 28 orangutans that were originally located from the ground were detected in the TIR images (see table C1 in Appendix B). There were no false positives identified. However, we were unable to determine the number of false negatives in our data as we did not know the true number of 62 individuals present in the area surveyed.
63
During four flights we detected a troop of proboscis monkeys (Figure 1 ), and counted a total of 11 64 individuals in the group. The troop was also observed from ground level, but the observers were too far 65 away to count numbers with enough reliability to compare with those estimated from the drone data.
66
We compared the temperature distribution of pixels associated with animal detections to that as- on-board system that would allow this procedure to be executed without requiring any intervention by the ground operators, which will be described in a forthcoming paper. et al. 2015 , 2016 Lhoest et al. 2015) .
140
In conclusion, in this pilot study we have shown that primates can be detected in tropical rainforests 141 using TIR-equipped drones. At present this technology can be used alongside existing methods to 142 increase the efficacy and efficiency of orangutan surveys. From the observations performed in this 143 study it was only possible to distinguish orangutans from proboscis monkeys based on size. Future 144 studies would benefit from a strategy to improve the spatial resolution of the detections. should not significantly impact TIR data collected in this study.
179 Fig. A2 . The temperature which would be observed for an object of 25
• C as a result of the typical 28
• C air temperature, 80% humidity and 1010hPa pressure expected during May in Sabah. The expected temperature different is negligible.
A.1.3. Flying Height
180
Given the limited resolution of TIR cameras (640×512 pixels with field of view 32×26
• in this 181 case), it is often the case that an individual pixel will contain TIR emission from more than one object.
182
In this study we are concerned about distinguishing between animals and the background. In this case containing that animal can be significantly different from its true temperature -this is known as the 187 'spot size effect'. As is shown in Burke et al. (2018) , to minimise this effect, the animal of interest 188 must be a minimum of 10 pixels in diameter when viewed by the TIR camera.
189
This 10 pixel minimum size can be used to set the maximum distance between object of in- terest and drone by simple geometric relations (see Burke et al. (2018) era ∼2x larger. Any offset between images from these components can be aligned in post processing.
200
We used a custom built gimbal to decouple the motion of the camera from that of the drone in order A.3. Flight Strategy
207
As described above, maximum surface temperatures occur during the day and minimum tempera-
208
tures at night, making night the preferable observing time for maximum thermal contrast. Due to the 209 need to be able to see the drone for take-off and landing, it was not possible to fly the drone in full 210 darkness, so we performed our flights as close to sunrise (∼06:00) and sunset (∼18:00) as possible.
211
Having some amount of sunlight also meant we were able to gather data with the RGB camera.
212
Whilst our maximum flying height was set by the calculation described above, in reality other of the TIR data, it was quickly apparent that flying with the camera at 90
• made it much easier to 219 detect the orangutans, and no animals were in fact detected with the camera pointed at 45
• . All results
220
presented are for the camera pointed at 90
• .
221
The flight pattern selected -grid, line or freestyle -depended on the distance to, and visibility of, distances and/or with no direct line-of-sight, the flight was automated following take-off (described 225 in appendix B, also see Table B1 ). Orangutan nesting sites which were identified during the evening 226 were also surveyed the following morning using the same flight pattern. In SORC orangutan nests were 227 found by following individuals as they left the feeding platform in the rehabilitation centre. In KOCP
228
the Hutan Orangutan field team were observing orangutans as part of ongoing research, and located 229 known individuals and followed these until they nested. The GPS location of nesting sites was recorded to the drone than the minimum distance of 90m for most of our flights, and this is supported by the 259 observed nest heights. All potential detections in the TIR data corresponded to the confirmed location 260 of orangutans and/or nests; we directly observed 28 orangutans, and 10 recently vacated nests.
261
In cases where the drone was flown above 100m AGL, it became noticeably more difficult to 262 detect orangutans. For example, Flight 20180514 1830 (Table C2 ) was conducted at 120m to survey large area survey, this may be partially circumvented by carrying out a topographical canopy mapping 273 survey beforehand, which will allow drone height to follow that of the canopy for a TIR-equipped 274 drone survey.
275 Table C2 contains a brief summary of the flights conducted to observe Proboscis Monkeys.
276
C.1. Statistical differentiation of species based on temperature and sizes
277
For all frames containing orangutans we constructed histograms of the temperature of pixels con-
278
taining orangutans and all other pixels within the frame. The orangutan pixels were identified by an 279 algorithm using a temperature threshold. The threshold was set based on the height of the drone AGL,
280
and corresponding expected size of the orangutans in the data. Using an upper limit on the expected 281 size of 1.5 meters, we calculated the percentage of pixels in the FOV that this would cover. This per-
282
centage was then used as the percentile threshold for orangutan detection, i.e. the top N% of pixels in 283 the frame were counted as orangutan (or other animal) pixels. The orangutan pixels were then visually 284 confirmed for each frame. The remaining pixels make up the background or surrounding temperature.
285
The temperatures of each pixel extracted this way are shown in figure C1 . The same pixels were used 286 to measure the sizes of the orangutans. This was also carried out for data from one flight contain- figure C2 . A
288
comparison of the sizes of orangutans and proboscis monkeys is shown in figure C2 .
289
For all orangutans and proboscis monkeys there is a distinct gap between their temperature and that 290 of the background. The difference between the mean of each distribution was between 4 and 5 standard found in groups, whereas orangutans tend to be solitary or in pairs, the combination of size and num-306 ber of animals seen could be used to distinguish the two. More data and statistical analysis would be 307 needed to understand the possible misclassification rate using this method. it was impossible to detect the orangutans with the optical data.
318
The TIR was also advantageous in conditions where RGB data was unusable -i.e. at night or during 319 fog. In these conditions it would also be difficult or impossible to see the animals from the ground.
320 Figure D23 shows an example of data taken during fog when the optical visibility was estimated by 321 eye from the ground to be only 20m. In this case the orangutans were still clearly visible in the TIR 322 data.
323
The majority of our 41 TIR orangutan detections came from imaging orangutans in their nests.
324
Orangutans are relatively easy to spot from the ground at this time as they are relatively stationary 325 compared to their active periods during day when they can move quickly through the trees making 326 them particularly difficult to follow on the ground. However nesting times for orangutans are generally 327 when it is dark and they are very difficult to see with an RGB camera or from the ground. Overall we 328 found that TIR extends the times and conditions during which surveys or observations can be conducted 329 into times when optical cameras are unusable and reduced visibility makes ground surveys unsafe. This • in (L) thermal and (R) RGB. Flying height was 20m and canopy coverage was estimated at 75-100%. 
